1. Introduction {#s0005}
===============

Neuronal activity and synchronization of cortical and subcortical circuits support the dynamic functional interplay of different brain areas and integration of complex cognitive functions including motor processing ([@bb0225]; [@bb0275]). Maladaptive neuronal oscillatory activity and synchronization provide relevant features of neuropsychiatric disease including Parkinson\'s disease (PD) ([@bb0125]; [@bb0350]; [@bb0375]). In PD, increased activity in the beta frequency range in the subthalamic nucleus (STN) may parallel rigidity and bradykinesia ([@bb0125]; [@bb0055]; [@bb0110]; [@bb0170]; [@bb0330]). Dopaminergic medication as well as deep brain stimulation of the STN may normalize these oscillatory features in parallel to clinical improvement ([@bb0335]; [@bb0175]). However, pathological synchronization is not restricted to the basal ganglia, but entrains cortical motor networks through local activation changes and long-range synchronization in striato-thalamo-cortical circuits ([@bb0325]; [@bb0300]; [@bb0035]; [@bb0385]; [@bb0340]; [@bb0360]). Clinical symptoms may relate to malfunction of the subcortico-cortical motor circuit ([@bb0200]). As such, the subcortico-cortical motor network seems to comprise of different functional loops in which functional segregation is achieved through topographic distribution but also selective coupling at different frequencies ([@bb0180]). Interregional coupling between STN and motor cortex (M1) in the beta band seems to be concentrated into bursts and can be modulated with dopaminergic medication and subthalamic neurostimulation ([@bb0340]; [@bb0360]; [@bb0200]; [@bb0255]). In this sense, it is of interest, whether there is also cortical ('non-invasive') access to restore the multistage subcortico-cortical motor network failure in order to improve clinical outcome ([@bb0110]). By stimulating the cortical motor circuit, brain stimulation techniques might provide safe and easy access to the PD STN-M1 motor circuit ([@bb0110]). In addition this might help to improve the pathophysiological understanding of PD as well as the neurophysiological mechanisms underlying clinical motor symptom response to cortical stimulation ([@bb0035]; [@bb0190]; [@bb0195]). To this end, transcranial direct current stimulation (tDCS) delivers a continuous current that may modulate neuronal excitability and oscillatory cortical features ([@bb0195]; [@bb0305]; [@bb0230], [@bb0235]; [@bb0090]; [@bb0310]; [@bb0290], [@bb0295]; [@bb0150], [@bb0155]; [@bb0105]). Imaging studies indicate that tDCS may also modulate functional activity and connectivity within and between different brain regions ([@bb0290]; [@bb0025]; [@bb0185]). Several studies showed motor improvement in PD after atDCS over motor regions ([@bb0195]; [@bb0105]; [@bb0365]; [@bb0355]; [@bb0265]; [@bb0085]; [@bb0070]; [@bb0060]; [@bb0065]; [@bb0040]). Apparently, neuronal networks respond sensitively to DC fields ([@bb0195]; [@bb0100]) and excitability changes outlast the stimulation period and become steadily significant after the end of application ([@bb0235]; [@bb0240]; [@bb0320]).

In contrast to the manifold studies on the modulation of oscillatory frequency features of the beta range by deep brain stimulation, the effect of tDCS on cortical activity and synchronization within the motor network in PD is less understood.

In this study, we aim to characterize the clinical after-effect of atDCS on PD motor symptoms and cortical oscillatory activity and synchronization. We postulate that stimulation of the sensorimotor area will not only modulate local neuronal activity, but also entrain network-wide changes in activity and synchronization of the cortical motor network.

2. Materials and methods {#s0010}
========================

2.1. Patients {#s0015}
-------------

In this double-blind randomized sham-controlled study, we investigated eleven medically treated PD patients (seven male, age 64.3 ± 11.4, disease duration 8.6 ± 4.1) and ten healthy controls (HC) (six male, age 58.6 ± 6.8) matched for age (independent samples *t*-test; p = .193) and gender (Chi^2^- test; p = 1) (patient characteristics in [Table 1](#t0005){ref-type="table"}).Table 1Clinical characteristics of Parkinson\'s disease patients.Table 1IDSex/Age, yearsDisease duration, yearsDisease-dominant handMain symptomLevodopa equivalent dose, mg/d1M/568RBradykinesia, rigidity8002F/7410LBradykinesia, rigidity14103M/617LBradykinesia, rigidity8444F/465RBradykinesia, rigidity05M/7419RBradykinesia, rigidity10006F/6011LBradykinesia, rigidity10507M/508RBradykinesia, rigidity657.58M/708RBradykinesia, rigidity8709M/727RBradykinesia, rigidity60010F/803RBradykinesia, rigidity260[^1]

One patient (PD11) was excluded as the patient was unable to cooperate after withdrawal of medication. All participants provided written informed consent. The study was approved by the local ethics committee of the University of Tübingen (367/2010BO1). PD patients were studied in motor 'OFF' after overnight withdrawal (at least 12 h) of dopaminergic medication.

We included right-handed subjects ([@bb9077]) with age \>18--\<80 years. We excluded patients with dementia, other neuropsychiatric disease or other severe medical conditions. Moreover, we excluded patients with dyskinesia and preferred such without tremor. If tremor appeared unexpectedly during the recordings, we rejected the respective time series. We also obtained the Mini Mental State Examination Score and Beck\'s Depression Inventory ([@bb0095]; [@bb0030]). PD and HC were investigated during an isometric precision grip task of the right index finger and thumb ([@bb0370]).

2.2. Experimental design, study protocol, paradigm {#s0020}
--------------------------------------------------

A schematic overview of the study protocol is given in [Fig. 1](#f0005){ref-type="fig"}. Briefly, we studied two groups \['*PD*', '*HC*'\] in two stimulation conditions \['*verum*', '*sham*' atDCS\] before ('pre'), immediately after ('post1'), and 30 min after ('post2') stimulation. The stimulation conditions were administered on two separate days, and stimulation was delivered in double-blind manner and randomized order. At each timepoint, patient received a recording during performance of an isometric motor precision task and at rest.Fig. 1Study protocol.A: All subjects received verum and sham stimulation in random order. We administered the stimulation conditions (verum; sham) on two separate days in in double-blind manner.B: timeline of one experimental day with three sessions: 'pre' (before stimulation), 'post1' (directly after stimulation) and 'post2' (30 min after stimulation). In each session, we recorded EEG and EMG at rest and during performance of an isometric motor precision task.Fig. 1

tDCS ring electrodes (7.5 cm diameter; 37 cm^2^; neuroConn GmbH, Ilmenau, Germany) were placed over the left sensorimotor \[C3, anode\] and right frontal areas \[Fp2, cathode\] ([@bb0230]). For 'verum' stimulation (DC-stimulator Plus ®, neuroConn GmbH, Ilmenau, Germany), we administered a continuous current for 20 min with 1 mA. In 'sham', active stimulation with 1 mA was discontinued after 40s. Both conditions had a linear 5 s fade-in/−out period at the beginning and end of stimulation ([@bb0005]), in order to enable valid placebo control ([@bb0260]). Current density was kept below 0.1 mA/cm^2^ and impedance was kept below 6 kΩ.

2.3. Clinical motor outcome and fine motor performance {#s0025}
------------------------------------------------------

We recorded clinical motor symptoms in 'pre', 'post1' and 'post2' as UPDRS III motor score (hemibody score, sum of items 22--25, right hand contralateral to 'C3' anodal stimulation side).

For the fine motor assessment, participants performed a precision grip task with an isometric contraction of their right index finger and thumb and visual feedback on a computer screen for the calibration period as described elsewhere ([@bb0370]). The force level was measured with a mechanogram with a sampling rate of 1000 Hz. Visual congruency of two rectangles represented ideal calibration of the current force level Force~curr~ to the defined force level of 2 N. Subjects received a calibration period of 10s. Then, visual feedback was withdrawn for 14 s and subjects had to maintain the calibrated force level followed by a 7 s interval to relax their hand on the armrest. Only the data without visual feedback during the precision grip task was used for further analysis. Blocks of 1--3 min length were obtained and used for further analysis. We excluded time series in which the subject did not adhere to the paradigm (e.g. not pressing or missing pre-calibration period).

The accuracy error of fine motor performance was expressed as mean absolute deviates (MAD), where *x*~*i*~ is the value of the difference between 2 Newton and the current force level Force~curr~ at the sampling point *i* ([@bb0345]). We used the sum of the absolute value of *x*~*i*~ devided by *n* (number of samples of the respective time series). MAD values were log-transformed ([@bb0345]). There was no bias of the MAD due to different block lengths.$$\mathit{MAD} = \frac{1}{n}\ \sum\limits_{i = 1}^{n}\left| x_{i} \right|,\text{where},x = 2\mathit{Newton} - \mathit{Force}_{\mathit{curr}}$$

2.4. Electrophysiological recordings {#s0030}
------------------------------------

We obtained surface EEG (Neuro Prax ® tES, NeuroConn) with Ag/AgCl electrodes (EASYCAP, GmbH Herrsching, Germany) using the left earlobe as reference electrode and a frontal electrode as ground \[AF3\]. Electrodes were placed according to the 10--20 system using standardized caps (EASYCAP, GmbH Herrsching, Germany) ([@bb0160]), and EEG was obtained from 25 channels. In addition, the EMG was recorded from the right abductor pollicis brevis (APB) and first dorsal interosseous (FDI) muscles with references over the distal interphalangeal joint of the thumb (for the APB) and the distal interphalangeal joint of the index finger (for the FDI) ([@bb0220]). In this work, we focus on EEG analysis including measures of cortical activity and corticocortical synchronization. Time series were sampled at 1000 Hz.

### 2.4.1. Preprocessing {#s0035}

We filtered the EEG data (finite impulse response filter; pass band 1-200 Hz; 45--55 Hz notch for line artefact) with zero-phase distortion and compensation for group delay. We inspected EEG data visually and rejected muscle and movement artefacts as well as few episodes in which tremor was detected on kinematic or EMG time series. Further transient artefacts (eye-movement, eye blinking, cardiovascular) were removed with a principal component analysis. Then, we transformed the time series back to channel space. We converted the EEG data with Hjorth transformation in order to reduce the potential influence of volume conduction and in order to improve spatial resolution ([@bb0130]; [@bb0145]). For the Hjorth transformation, we used a neighbour file with 4--6 neighbours per electrode depending on the localization of the electrode. Only electrodes in direct proximity to each other qualified as neighbour and standardized EEG caps determined the distances between electrodes. All analyses were performed off-line with MATLAB 7.14 (R2012a) (The MathWorks, Natick, MA, USA) using the *open-source toolboxes* EEGlab (v13.1.1b) ([@bb0075]) and Fieldtrip ([@bb0250]).

### 2.4.2. Frequency domain spectrum of cortical activity {#s0040}

We expressed cortical activity as frequency domain spectrum (power) and obtained the topographic distribution from the cortical channels. Therefore, we divided EEG data into rectangular, non-overlapping 1-second windows (frequency resolution of 1 Hz). Spectral estimation was performed using the Welch periodogram approach. In this approach, the EEG signals were segmented into 1 s (Fourier transform length) epochs. For data in each epoch, a periodogram was calculated as the square of the magnitude of the Fourier transform of the data. To this end, the spectral estimate was calculated by averaging the periodograms over all epochs (we used 100 epochs in each subject for further analysis). The inverse of the Fourier transform length fixed the frequency resolution of the power spectrum. The reference for the relative measure (spectral power) is the total power (1--100 Hz). The relative spectral activity in a specific frequency band is defined as the ratio of the sum of spectral power in that specific frequency band to the sum of the spectral power between 1 and 100 Hz.

### 2.4.3. Corticocortical connectivity with imaginary coherence {#s0045}

As a parameter for synchronised activity between two brain regions, we computed the imaginary corticocortical coherence ([@bb0245]) spectra from the same data segments (100 s of data) as the activity. We used the imaginary part of coherence since it is considered insensitive to spurious non-neuronal connectivity from zero-phase delayed volume conduction ([@bb0245]).

2.5. Statistical analyses {#s0050}
-------------------------

### 2.5.1. Clinical outcome and fine motor performance {#s0055}

Clinical motor outcome was analysed in the PD group as 2 × 3 repeated measures analysis of variance (rmANOVA) with the main within-subject factors CONDITION ('verum', 'sham') and SESSION ('pre', 'post1', 'post2'). Fine motor performance was analysed using a 3 × 2 × 2 rmANOVA with the within-subject factors SESSION (pre/post1/post2), CONDITION (verum/sham) and the between-subject factor GROUP (PD/HC). Homogeneity between groups was tested with Levene\'s test. We applied Huynh-Feldt or Greenhouse-Geisser correction in case the sphericity assumption in the Mauchly\'s test was violated. Shapiro-Wilk test was used to test for normal distribution of the data. The confidence interval was set to 95% and hypotheses were decided on a two-tailed P ≤ .05. We used paired *t*-tests and Bonferroni correction for post hoc analysis in case of significant interactions.

### 2.5.2. Activity and imaginary corticocortical coherence in the beta frequency range {#s0060}

We explored cortical activity and imaginary coherence during the 'motor task'. Similar to the statistical analysis of the 'motor task', we also performed statistical analysis of the time series 'at rest'. As the approach is similar, the detailed description of these analyses in the following section will apply to both 'motor task' and 'at rest'.

Exploration of the data during the motor task pointed to activation changes in a circumscribed subrange of the high beta band from 22 to 27 Hz. This frequency range selection differs from traditional pre-defined frequency bands that traditionally do not stem from the pathophysiological PD context. Meaningful disease-related subranges were described in smaller sub-bands of the broad beta range between 13 and 30 Hz ([@bb0330]; [@bb0175]; [@bb0325]; [@bb0080]; [@bb0285]). For comparison, subranges of the high beta range were implicated in cross-site synchrony and subcortico-cortical networks in PD ([@bb0340]; [@bb0255]). In line with this consideration, two functionally distinct oscillatory beta activities in subcortico-cortical networks were suggested: one centered at around 15 Hz and another around 25 Hz ([@bb0340]; [@bb0360]; [@bb0200]), which might reflect two sub-circuits susceptible to episodes of exaggerated coupling ([@bb0255]).

Since we placed our anodal stimulation electrode over the sensorimotor area, we had the specific hypothesis to modulate the sensorimotor area ('C3') with 'verum' atDCS in PD. To this end, we used a 3 × 2 × 2 rmANOVA with the within-subject factors SESSION (pre/post1/post2), CONDITION (verum/sham) and between-subject factor GROUP (PD/HC). Homogeneity between groups was confirmed with Levene\'s test (all n.s.). We applied Huynh-Feldt or Greenhouse-Geisser correction in case the sphericity assumption in the Mauchly\'s test was violated. Shapiro-Wilk test was used to test for normal distribution of the data. In addition, we explored the cortical distribution of activity and corticocortical coherence (average of 22--27 Hz). We compared the sessions 'pre' and 'post2' and excluded 'post1' from the statistical spectral analysis to limit the number of comparisons (channels (25), conditions (2), sessions (3)) ([@bb0210]; [@bb0215]). This data reduction approach is also justified from a clinical standpoint, since i) we aimed to study the electrophysiological correlate of a stable after-effect from atDCS and ii) the clinical changes induced by atDCS outlasted 'post1' and still persisted in 'post2' in this work. In detail, cortical activity and corticocortical coherence were compared i) between 'pre' and 'post2' in both PD and HC and ii) between groups in the 'pre' session using a cluster-based permutation test as implemented in *Fieldtrip* to address for multiple comparisons ([@bb0250]). This test is based on the Monte-Carlo principle and recognizes significant changes between conditions using spatial adjacency by building clusters of channels. We used 5000 random permutations on a dependant samples *t*-test (comparing session 'pre' vs. 'post2') or 2 × 2 independent samples *t*-test (comparing HC vs. PD before stimulation) and an adjusted alpha level of P \< .025 per tail. As these sample-wise t-test statistics produce a high number of comparisons, the cluster-based correction method is effective to treat the multiplicity problem without losing sensitivity for spectral modulations ([@bb0375]; [@bb0250]).

### 2.5.3. Disease-related differences between groups {#s0065}

For activity and coherence analysis, we compared the groups before stimulation \[HC 'pre' vs. PD 'pre'\] to explore for disease-related differences. We averaged the 'pre' data in each group, after ensuring that verum and sham before stimulation ('pre verum' vs. 'pre sham') did not differ significantly (paired t-test, all n.s.). Activity and coherence in the high beta band \[22--27 Hz\] were plotted for the whole cortex and difference plots were computed. Again, permutation statistics were used as explained in 2.5.2 ([@bb0250]).

3. Results {#s0070}
==========

3.1. Clinical outcome and fine motor performance {#s0075}
------------------------------------------------

PD patients showed clinical motor improvement of the segmental UPDRS III hemibody subscore of the right hand (task 22--25) after verum stimulation (post1), and this lasted for at least 30 min (post2) ([Fig. 2](#f0010){ref-type="fig"}; 'condition' \[F = 5.884, p = .038\], 'session' \[F = 14.270, p \< .001\] and 'condition\*session' \[F = 11.292, p = .004\]). The post-hoc analysis showed a difference on verum 'pre vs. post1': confidence interval \[2.19964--4.20036\], *t* = 4.801, p = .001 and verum 'pre vs. post2': confidence interval \[0.80548--4.19452\], *t* = 7.236, p = .000. We found no difference for the same post-hoc contrasts in 'sham' (all n.s.). However, we observed a marginal reduction of mean UPDRS III outcome in sham condition over time, which did not show statistical significance. We additionally contrasted the effect of sham condition \[sham_post2 -- sham_pre\] with the effect of verum condition \[verum_post2 -- verum_pre\]. Here, we found a significant difference \[sham (post2-pre) vs. verum (post2-pre): confidence interval \[0.80548 4.19452\], *t* = 3.337, p = .009 (paired t-test)\], which means that the verum effect cannot be explained by the small difference between the pre and post2 sessions in sham condition. The pre-stimulation baseline of sham and verum did not differ significantly \[verum_pre vs. sham_pre: *t* = −0.152, p = .882 (paired t-test)\].Fig. 2Motor improvement after verum stimulation in PD.Motor UPDRS III hemibody score of the right upper extremity (items 22--25) in PD before and after stimulation in verum-condition compared to sham-condition (mean ± SD).The 3 × 2 rmANOVA of this score with the factors 'session' \[pre, post1, post2\] and 'condition' \[verum; sham\] showed significant findings for 'condition' \[F = 5.884, p = .038\], 'session' \[F = 14.270, p \< .001\] and 'condition\*session' \[F = 11.292, p = .004\] (all Huynh-Feldt corrected). The post-hoc analysis including Bonferroni correction showed a difference on verum 'pre vs. post1': *t* = 4.801, p = .001 and verum 'pre vs. post2': *t* = 7.236, p = .000. We found no difference for sham 'pre vs. post1': *t* = 1.105, p = .298 and sham 'pre vs. post2': *t* = 0.669, p = .520.Fig. 2

There was no difference of the accuracy error after stimulation (all main factors and interactions n.s.).

3.2. Effects of tDCS on cortical activity and cortico-cortical coherence {#s0080}
------------------------------------------------------------------------

In PD, the frequency domain spectrum ([Fig. 3](#f0015){ref-type="fig"}) over the sensorimotor area during motor task indicated activity modulation in a subrange of the high beta range from 22 to 27 Hz over the sensorimotor area that was considered for further analysis.Fig. 3Frequency domain activity over left sensorimotor area in PD.Frequency domain activity over the left sensorimotor area ('C3') is given as grandaverage (error indicator given as standard error of the mean (shadow)) before \['pre'\], directly after \['post1'\] and 30 min after \['post2'\] stimulation in either verum or sham condition. Verum condition (black line, standard error as dark grey shadow); sham condition (grey line, standard error as light grey shadow).Fig. 3

In PD, verum stimulation reduced activity (22-27 Hz) over the left sensorimotor area during the motor task (condition\*group\*session, F = 5.088, p = .015\]. Since the power values did not show full normal distribution across all factors and domains, we recalculated the rmANOVA after log-transform of the power values (which resulted in normal distribution of the power data). This confirmed the significant interaction ('condition\*group\*session', F = 7.060, P = .006). In the post-hoc analysis we found that verum atDCS reduced activity from 22 to 27 Hz while it increased in sham (PD verum 'pre vs. post1': *t* = 2.652, p = .026 and PD sham 'pre vs. post2': *t* = −3.116, p = .012).

In PD, verum stimulation led to an additional right-hemispheric reduction of activity from 22 to 27 Hz during motor task ([Fig. 4](#f0020){ref-type="fig"}) (pre vs. post2, p = .0069) and this included the cluster of right centroparietal ('T4', 'T6', 'Cp6') and right frontotemporal areas ('F4', 'F8').Fig. 4Topographic distribution of frequency domain activity \[22--27 Hz\] in PD.Difference plots (post2 - pre) of relative power with warm color indicating activity increase and cold color indicating activity reduction after stimulation. Asterisks indicate significant difference on cluster level. PD patients showed a significant decrease of activity after 'verum' stimulation \[pre vs. post2, p = .0069\] over the cluster of right centroparietal \['T4', 'T6', 'Cp6'\] and right frontotemporal \['F4', 'F8'\] areas, and a significant increase of activity after sham-stimulation \[pre vs. post2, p = .0098\] over the left sensorimotor and centroparietal areas ('T3', 'Cp5', 'Cp1', 'Cp2','Pz', 'P4').Fig. 4

In contrast, PD patients showed an increase in beta activity after sham-stimulation \[pre vs. post2, p = .0098\] including the cluster of left sensorimotor and centroparietal areas ('T3', 'Cp5', 'Cp1', 'Cp2','Pz', 'P4') ([Fig. 4](#f0020){ref-type="fig"}).

In HC, there was no significant change in cortical activity after verum or sham stimulation \[pre vs. post2, p = .07\] ([Fig. 5](#f0025){ref-type="fig"}). For comparison, we found no significant modulation of beta activity ‚at rest'after either verum or sham stimulation, neither in PD nor in HC.Fig. 5Topographic distribution of frequency domain activity \[22-27 Hz\] in HC.Fig. 5

In terms of cortico-cortical coherence, we found in PD ‚motor task' an increase from 22-27Hz over the left sensorimotor area after verum-stimulation between ‚pre' and ‚post2' (cluster based permutation statistics 'pre vs. post2', p = .033 in Cp5, Cp1) ([Fig. 6](#f0030){ref-type="fig"}). This effect was not present in sham stimulation or in HC in neither verum nor sham. For comparison, we found no significant difference of cortico-cortical coherence ‚at rest'after verum stimulation, neither in PD nor in HC. In PD, we found a right-hemispheric increase of coherence after sham stimulation ‚at rest'(pre vs. post2, p = .029).Fig. 6Corticocortical coherence.Imaginary corticocortical coherence \[22--27 Hz\] of left sensorimotor area (C3) to all other electrodes in PD. PD patients showed a significant increase of coherence from C3 to Cp5 and Cp1 (represented by thick lines) over the left primary motor area 30 min after 'verum' stimulation ('post2') compared to before stimulation ('pre'). No other connectivity reached significance. This connected topoplot shows the difference of coherence between ‚post2' and ‚pre' \[post2-pre\] (color-coded) with results from cluster-based permutations statistic \[pre vs. post2, p = 0.033\]. These effects were specific for the PD 'verum' condition and absent in both PD 'sham' and in healthy controls 'verum' and 'sham' conditions.Fig. 6

3.3. Disease-related characteristics of cortical activity and corticocortical coherence {#s0085}
---------------------------------------------------------------------------------------

To explore for disease-related characteristics in cortical activity and coherence, we compared the spectra between HC and PD in the 'pre' session. There was no difference of cortical activity between the groups before stimulation during motor task or 'at rest' from 22 to 27 Hz.

PD patients showed less cortico-cortical coherence between 'C3' and the central and right parieto-occipital areas ('Pz' 'P4' 'T6' 'O1') compared to HC during the motor task \[cluster based permutation, independent samples *t*-test, p = .017\] ([Fig. 7](#f0035){ref-type="fig"}). For comparison, no difference in cortico-cortical coherence was present 'at rest' between PD and HC.Fig. 7Disease related differences in corticocortical coherence.Imaginary corticocortical coherence \[22--27 Hz\] of left motor area (C3) to all other electrodes comparing PD patients with HC before stimulation. The figure shows a connected topoplot of the difference between PD and HC in the 'pre' session (after averaging 'pre' verum and 'pre' sham for both groups). PD patients show significantly less cortico-cortical coherence between 'C3' and the central and right parieto-occipital areas ('P4','Pz','T6','O1'). No other connectivity reached significance. Thick lines represent these significant channels on cluster level.Fig. 7

4. Discussion {#s0090}
=============

We characterized the effect of tDCS in Parkinson\'s disease on motor symptoms, fine motor performance, and cortical activity and synchronization measures. Verum atDCS modulated both cortical motor-network activity and synchronization from 22 to 27 Hz during a fine motor task. This was paralleled by clinical motor improvement. This finding was specific for the motor-task and carefully controlled against 'sham', 'rest' condition, and healthy matched controls. More specific, 'verum' atDCS decreased motor task specific activity from 22-27 Hz of the left sensorimotor and right frontal area. Furthermore, before stimulation PD patients presented with less cortico-cortical coherence over the left sensorimotor area during the motor task compared to HC. In terms of cortico-cortical synchronization, PD patients presented with decreased coherence of the left sensorimotor area when compared to HC before stimulation in the fine motor task. This was reversed by verum but not sham stimulation, i.e. synchronization of the PD sensorimotor area increased towards the level of HC. Together, our findings demonstrate that atDCS i) improves clinical motor outcome, and ii) specifically modulates the cortical motor network features depending on the combination of disease state and motor processing.

4.1. Cortical network characteristics in PD and their modulation with effective atDCS {#s0095}
-------------------------------------------------------------------------------------

The topographic distribution of the widespread activity modulation from atDCS incorporated the left sensorimotor area and the right frontal area. Before stimulation, the left sensorimotor area showed similar activity from 22 to 27 Hz in both PD and HC both at rest and during motor task. Thus, the exaggerated oscillatory activity often observed on subthalamic level in the PD 'motor off' ([@bb0125]) does not necessarily occur on cortical level. However, effective verum atDCS decreased cortical activity and, unlike sham, prevented a pathologic increase of activity. This activity modulation was confined to the motor task and absent at rest. Thus, the activity suppression from 22-27 Hz occurred in a rather specific situation of i) pathological PD motor OFF' i.e. after withdrawal of dopaminergic medication and ii) during 'fine motor integration'. Therefore, it did not reflect the PD motor 'OFF' and its modulation with effective neuromodulation in general but rather a movement-associated process comparable to beta activity decrease seen at onset and during phasic movement ([@bb0225]). The combination of motor and rest conditions and a control group in this study helps to gain further insight into cortical beta characteristics and may extend the findings from subthalamic LFP research, in which HCs are not available. It adds to the previous perspective that therapeutic beta amplitude modulation not only associates to a certain disease state ([@bb0330]; [@bb0285]; [@bb0045]) -- but may in addition depend on cognitive network functions - here fine motor integration. This interpretation is plausible, given that manifold cortical and subcortical processes modulate the sensorimotor area (SM1), e.g. in terms of movement planning and preparation upon frontal executive functioning ([@bb0375]; [@bb0270]; [@bb0115]).

With respect to the SM1, our observation of beta amplitude suppression with verum atDCS is in line with previous work using different brain stimulation methods. To our knowledge, there is no previous data of beta activity modulation with atDCS in PD and HC. However, clinically effective subthalamic stimulation reduced movement-related beta oscillations in PD over the bilateral SM1 areas and further included the right frontal area ([@bb0375]; [@bb0380]). In addition, cortical M1 TMS reversely modulated subthalamic beta band oscillations ([@bb0110]). These studies provide evidence of direct cortical coupling and reciprocal access to the pathological subcortico-cortical beta-related motor network.

Furthermore, a study using transcranial alternating current stimulation (tACS) showed an opposed clinical effect with slowing of movement when beta oscillations were entrained with 20 Hz tACS stimulation. Together, this underlines the relevance of cortical beta activity modulation for PD motor performance ([@bb0285]).

Apart from activity modulation over the SM1, we found activity reduction over the right frontal area from 22 to 27 Hz. The prefrontal cortex is involved in executive motor function and seems to process motor inhibition like the suppression of motor tasks ([@bb0050]; [@bb0010]; [@bb0015]; [@bb0020]), as well as response selection in attention-demanding motor skills ([@bb0135]). More specific to PD, increased beta activity over the right frontal cortex occurs in successful 'stopping' and supports inhibitory motor control ([@bb0115]). As endogenous inhibitory motor signals may be transmitted in beta bursts in cortical networks ([@bb0280]), a reduction of beta activity in this area may facilitate movement through disinhibition of executive motor preparation. Here, the ipsi- and contralateral activity changes might indicate modulation of interconnected areas. The remarkable topographic similarity of motor network modulation compared to our DBS work ([@bb0375]) may suggest shared network nodes linking the left SM1 as well as the right frontal area. This might compare to the hyperdirect pathway, which links the STN to the pre-supplementary motor area and the right inferior frontal area ([@bb0020]).

With respect to cortico-cortical synchronization, we found that cortico-cortical coherence was reduced over the left SM1 area in PD before stimulation when compared to HC. The fact, that 'verum atDCS' enhanced local cortico-cortical synchronization, seems -- at first glance -- to be at odds with existing findings from subthalamic synchronization. On subthalamic level, the enhanced local synchronization generally mirrored the pathological disease state. Whether this also applies to subthalamo -- M1 or cortico-cortical synchronization remains controversial.

In this framework, our findings give a closer characterization of cortico-cortical synchronization from 22 to 27 Hz in PD. From our findings, it is unlikely that cortico-cortical synchronization purely reflects disease-related motor network states and that atDCS exclusively interferes with this. Rather, we suggest a motor-task specific dysregulation of the PD motor network. Notably, when comparing this finding to the literature on PD patients with subthalamic recordings, it has to be kept in mind that our cohort was less advanced in disease. Therefore, we cannot exclude that our patients would still have greater compensatory reserve to hinder cortical upregulation of beta activity in general.

Furthermore, the increase of cortico-cortical coherence occurred under fine motor performance. In context with existing work on fine motor integration, higher coherence in the SM1 area seems useful to stabilize neuronal integration of isometric fine motor performance ([@bb0165]). As such, isometric contraction relates to higher cortico-spinal coherence and associates with stable motor output and higher precision in previous work ([@bb0165]). Coupling between the primary motor cortex and the spinal motor neurons occurred at 20 Hz and may represent the central drive from motor cortex to the motor neuron firing ([@bb0120]; [@bb0315]).

In addition, the effect of atDCS in our work may underpin, that the Parkinsonian cortex is susceptible to excitability modulation with atDCS under motor conditions. More speculative and hypothesis-generating for future work, this might reflect the cortical potential to compensate for subcortical processing failure (by altering cortical synaptic transmission) along emerging, progressive neurodegeneration.

4.2. Methodological considerations {#s0100}
----------------------------------

The findings in this study were carefully controlled, and the study protocol had high clinical standards in choosing a randomized and double-blind stimulation protocol. However, this is not to withstand, that limitations exist in this study. In general, we would have preferred a larger set of cortical electrodes in order to enable cortical source reconstructions. However, this was not possible with this combined tDCS-EEG montage that yielded the possibility to place the C3 electrode within the cortical anodal ring electrode. This also had advantages, i.e. to leave the recording and stimulation electrode setting constant in place over the whole experimental session. Inherently, atDCS may lead to widespread modulation of neural activity ([@bb0290]) depending on several factors such as the activity of the underlying tissue or axonal spatial orientation ([@bb0205]; [@bb0140]). Thus, the constant electrode arrangement over the whole session will be advantageous to minimize the influence of such confounders. In addition, it provided the possibility for simultaneous EEG recording during the active stimulation session, which we plan to report as separate work.

4.3. Conclusion {#s0105}
---------------

This study sheds light on cortical oscillatory features of PD fine motor integration and functional mechanisms of tDCS. We found that the PD motor network was susceptible to atDCS during fine motor performance in attenuating cortical oscillatory activity and fostering cortico-cortical synchronization. It delineated that cortical oscillatory features are not in general and 'per se' altered in pathological disease conditions like PD, but may strongly depend on a combination of disease state and context, e.g. integration of motor processing.
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Difference plots (post2 - pre) of relative power with warm color indicating activity increase and cold color indicating activity reduction after stimulation. We found no significant change in cortical beta activity after verum- or sham-stimulation (verum pre vs. post2, p = .07, sham pre vs. post 2, p = 1) in healthy controls on cluster level.

[^1]: Abbreviations: ID, Identity; M, male, F, female; R, right, L, left.
